This paper investigates the robust delay-dependent stability problem for neutral system with mixed delays and nonlinear perturbations. A delay decomposition approach is used in this paper in which the information of the delayed plant states can be taken into full consideration. Then, based on a special Lyapunov functional approach, the novel delay-dependent stability criteria are obtained in terms of linear matrix inequalities (LMIs). A numerical example illustrates the effectiveness of the derived method and the improvement over some existing methods.
Introduction
A neutral system that involves time delay in both state and derivatives of state simultaneously is encountered in various areas, including population ecology, heat exchange, and steam processes. Due to its wider application, the problem of the stability of neutral system has received considerable attention by many scholars in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Since delaydependent criteria are generally less conservative than delayindependent ones [13] , delay-dependent stability analysis for neutral systems has obtained wide attention.
In practice, the systems often contain some uncertainties since it is very difficult to obtain an exact mathematical model due to uncertain, environmental noise or slowly varying parameters, and so forth. Therefore, the robust stability of time-delay systems with nonlinearities has received considerable attention [1-3, 7-11, 14-16] . Various methods aiming at reducing the conservatism of these stability criteria have been proposed. Fixed model transformation was the main method employed in [1] [2] [3] 14] , but these model transformations often introduce additional dynamics which leads to relatively conservative results. The inequality methods were used to estimate the upper bound of cross product terms in the derivative of the Lyapunov functional in [15, 16] . In order to further improve the performance of stability criteria, free-weighting matrix method was proposed in He et al. [4, 17, 18] , in which neither system transformation nor bounding technique on some cross terms was involved. However, this method introduced some slack variables apart from matrix variables appearing in Lyapunov-Krasovskii functionals. In addition, the utilization of augmented-type Lyapunov-Krasovskii functionals proposed in [5, 6] has provided significant improvements in the stability results for neutral systems, while the above presented method needs to decide more possible variables which will increase the complexity of the computation. When the upper bound of delay derivative may be larger than or equal to 1, the authors in [19] used a delay decomposition approach and derived new stability results. Motivated by the above discussions, we will consider the stability results of neutral systems for timevarying delays ℎ( ) satisfying ℎ( ) ∈ [0, ℎ] ( < 1) and ℎ( ) ∈ ( ℎ, ℎ], respectively. Compared with some existing literatures, the delay decomposition method is useful for reducing conservatism of the analysis result.
In this paper, our purpose is to present some new robust delay-dependent stability criteria for neutral systems with mixed delays and nonlinear perturbations. By constructing appropriate Lyapunov-Krasovskii functional based on the delay decomposition approach, some novel delay-dependent stability conditions are derived without resorting to any model transformation and free weighting matrix technique. All the stability criteria are expressed in terms of LMIs, which can be solved efficiently by using standard convex optimization algorithms. Finally, a numerical example is given to illustrate the effectiveness and less conservatism of the proposed method.
Notation. Throughout this paper, stands for matrix transposition. R is the -dimensional Euclidean space. R × is the set of all × -dimensional matrices. denotes the identity matrix of appropriate dimensions.
> 0 means that is positive definite. ≥ 0 means that is positive semidefinite.
* represents the elements below the main diagonal of a symmetric matrix.
Problem Statement
Consider the following neutral system with mixed delays and nonlinear perturbations:
where ( ) ∈ R is the state vector and , , ∈ R × are constant matrices with appropriate dimensions. ℎ( ) is a timevarying discrete delay, and it is assumed to satisfy
where ℎ, ℎ are constants. ( ), ( ) are the initial condition functions that are continuously differentiable on [− max{ , ℎ}, 0]. 1 ( ( ), ), 2 ( ( − ℎ( )), ), and 3 (( − ), ) are unknown nonlinear perturbations. They satisfy that 1 (0, ) = 0, 2 (0, ) = 0, 3 (0, ) = 0, and
where ≥ 0, ≥ 0, and ≥ 0 are given constants and, for simplicity, 1 := 1 ( ( ), ), 2 := 2 ( ( − ℎ( )), ), and
In this paper, we define the following scalar with respect to the variation range of time delay which is ℎ = ℎ (0 < < 1) .
It is easy to see that for all ∈ R + , we have ℎ( ) ∈ [0, ℎ] or ℎ( ) ∈ (ℎ, ℎ]. Consequently, in the proof of our main results, we will derive the delay-dependent stability criterion for two sets, respectively. Before proceeding further, we will state the following well-known lemmas and definition.
Lemma 1 (see [12] 
the following integral inequality holds: 
. 
The operator D :
Its stability is defined as follows.
Definition 3 (see [21] ). The operator D is said to be stable if the zero solution of the homogeneous difference equation
Stability Analysis
In this section, we first present a delay-dependent robust criterion for the system (1) with uncertainty (3), with a delay decomposition approach. 
and positive definite matrices > 0, > 0, > 0, > 0, and > 0 ( = 1, 2, 3) such that the following symmetric linear matrix inequalities hold:
where Γ = ( , , 0, 0, 0, , , , ) ,
with Θ 11 = + + + 1 + 3 + ℎ 11
Proof. Choose a Lyapunov functional candidate for the system (1) to be
where
where = > 0, = > 0, = > 0, = > 0, and = > 0 ( = 1, 2, 3) are to be determined.
Abstract and Applied Analysis
Next, from (3), we can obtain for any scalars 1 > 0, 2 > 0,
Now calculate the derivative of ( ) along the trajectory of the system (1); we derivė
Now, we estimate the upper bound of the last three terms in inequality (19) as 
Then combining (15)- (22) yieldṡ
× (− (1 − ℎ ) 3 + ℎ 11 + 13 + 13 + ℎ 22
If 1 − 33 ≥ 0, 2 − 33 ≥ 0, 1 + 3 − 33 ≥ 0, and 0 ≤ ℎ( ) ≤ ℎ, we can derive
from (9) and the Schur complement. Obviously, from (25), we can geṫ( ) < 0. Therefore, according to [21] , if there exist symmetric positive definite matrices > 0, > 0, > 0, > 0, and > 0 ( = 1, 2, 3) such that the LMIs (9) and (10) are satisfied, then system (1) 
where Γ = ( , , 0, 0, 0, , , , ) , 
, 
Proof. If ℎ < ℎ( ) ≤ ℎ, we get 
Then combining (15)- (19) and (31)- (33) yieldṡ
Next, similar to Theorem 4, we can get the result of Theorem 5. This completes the proof.
Remark 6. Theorems 4 and 5 give the delay-dependent and rate-dependent robust stability criteria for system (1) with uncertainty (3) by employing delay decomposition approach as in [12] . The proposed criteria use as few as possible decision variables while showing less conservativeness in comparison to those in [7] [8] [9] [10] [11] .
Remark 7. When = 0 and 3 (( − ), ) ≡ 0, the system (1) can be reduced to the following system:
We will show the obtained stability criteria for this case in Corollaries 8 and 9. 
and positive definite matrices > 0, > 0, > 0, > 0, and > 0 ( = 1, 2, 3) such that the following symmetric linear matrix inequalities hold: 
and positive definite matrices > 0, > 0, > 0, > 0, and > 0 ( = 1, 2, 3) such that the following symmetric linear matrix inequalities hold: , and then the information of delayed state ( − ℎ) can be taken into account. It is clear that the Lyapunov functional defined in our results is more general than the ones in [2, 3, 7-11, 14, 20] which can be seen from the following example.
Illustrative Example
In this section, an example is presented to illustrate the effectiveness of the stability method proposed in this paper. 
where 0 ≤ | | < 1, ≥ 0, ≥ 0, and ≥ 0.
Case I. For = 0.1, = 0.1, = 1, and ℎ = 0.5 and different values of , we consider the maximal allowable value ℎ that guarantees the robust stability of the system by applying criteria in [8] [9] [10] [11] and in this work. Table 1 illustrates the numerical results for different , = 0 and = 0.1, respectively. From Table 1 , one can see that the maximum allowable delay ℎ decreases as increases. In addition, it is easy to see that our proposed stability criterion gives a much less conservative result than those in [8] [9] [10] [11] . For example, when = 0.1, = 0.1, and ℎ = 0.5, by solving LMI (13) of Theorem 4, we obtain the maximum bound ℎ = 1.6541 with the following solutions: Table 2 . As increases, ℎ decreases. It can be seen from Table 2 that the proposed method in this work provides a considerably less conservative delay bound in comparison to the ones in [3, 7] . For example, when = 0.2, by solving LMI (13) of Theorem 4, we obtain the maximum bound ℎ = = 1.6632 with the following solutions: 
Case III. For = 0 and 3 (( − ), ) = 0, the maximum value ℎ obtained from Corollaries 8 and 9 is listed in Table 3 . It is clear that the obtained results in our paper are significantly better than those in [2, 7, 14, 20] .
Conclusion
This paper has discussed robust stability problem for neutral systems with mixed delays and nonlinear perturbations. Based on the Lyapunov method and linear matrix inequality technology, delay-dependent stability conditions are derived by using a delay decomposition approach. The proposed criterion is both delay-dependent and rate-dependent. A numerical example has shown the less conservatism of the proposed method.
